Calculations of the positron binding energies to all atoms in the periodic table are presented and atoms where the positron-atom binding actually exists are identified. The results of these calculations and accurate calculations of other authors (which existed for several atoms only) are used to evaluate recommended values of the positron binding energies to the ground states of atoms. We also present the recommended energies of the positron excited bound levels and resonances (due to the binding of positron to excited states of atoms) which can not emit positronium and have relatively narrow widths. Such resonances in positron annihilation and scattering may be used to measure the positron binding energy.
I. INTRODUCTION
In this work, we apply the relativistic linearized coupled-cluster single-double (SD) approximation to calculate positron binding energies for the atoms in the whole periodic table. Calculating the positron-atom bound states is a challenging theoretical problem due to the strong electron-positron correlation effects and virtual positronium (Ps) formation [1] [2] [3] . The existence of such states was predicted by many-body calculation [4] and verified variationally [5, 6] more than a decade ago. Since that time a number of theoretical papers were published but only few atomic systems were studied. The most accurate calculations were performed for eleven positron-atom systems involving Li, Na, Ag, Cu, Au, Be, Mg, Ca, Zn, Sr and Cd atoms [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Recent empirical fitted expression involving the polarizabilities (α), ionization potentials (I), and numbers of valence s electrons has also been based on the best calculations mentioned above [19] . A number of positron-atom bound states involving atoms with open d subshells were studied in our previous paper [20] . In spite of all these predictions no experimental evidence for positron-atom bound states has been found so far.
The situation is better for positron-molecule interaction since the resonant annihilation is observed for positrons in many polyatomic molecules [21] . The incident positron is captured into the bound state with the target molecule, with the excess energy being transferred to vibrations. Since the vibrational motion of the molecules is quantized, these transitions can only take place at specific positron energies. These energies correspond to vibrational Feshbach resonances of the positronmolecule complex [21] [22] [23] . The majority of the resonances observed are associated with individual vibrational modes of the molecule. The energy of the positron binding is then extracted from the downshift of the resonance energy, relative to the energy of the vibrational excitation [24, 25] . Hence, by observing the resonances, the positron binding energy can be found. In this way, binding energies for over 60 polyatomic species have been determined [26] [27] [28] [29] by measuring positron annihilation using a high-resolution, tunable, trap-based positron beam [30] .
A similar effect in atoms has been proposed for experimental detection of positron-atom bindings in [31] . It was suggested that the resonances in the positron annihilation with atoms can be observed and associated with binding of positron to a low-energy electronic excitations. These resonances can be found in open-shell atoms. If such atoms can bind a positron in the ground state, then it is very likely that they can bind a positron in the excited state of the same configuration. One can then consider the following process,
First, a positron loses some energy by exciting the atom and becomes trapped to a bound state with the excited atom. Then, it annihilates with one of the electrons, and the resulting gamma quanta can be detected. The first step of the process (1) is obviously reversible. Hence, to estimate the efficiency of the resonant annihilation one needs to evaluate the rates of both positron annihilation (Γ a ν ) and autodetachment (Γ e ν ). One may estimate Γ e ν ∼ 1 − 10 meV for a Feshbach resonance at ε ∼ 1 eV, populated through a quadrupole transition [31] . Hence, the resonances are sufficiently narrow to produce observable sharp features in the energy dependence of the annihilation rate Z eff . For a binding energy ε b = 150 meV, the estimated annihilation width is Γ a ν = 4 × 10 −7 eV and the branching ratio Γ e ν /Γ ν ≈ 1 (Γ ν is the total width of the resonance). For a positron beam with the energy spread δε ∼ 25 meV, the peak resonant value of the annihilation rate is given by Z eff ∼ 10 3 in Ref. [31] . This indicates that the positron-atom resonances could be observed with a trap-based-beam-technique similar to what was used for measuring resonances in the positronmolecule annihilation [25] . Resonances also manifest themselves in the positron scattering. Another method -measurement of the positron binding energies through laser assisted photorecombination -was suggested in [32] .
We also would like to mention a possibility to capture positron to a shallow bound level using a pulse of a very strong magnetic field. Such field of the strength up to 100 Tesla is available, for example, in the Los Alamos laboratory. Indeed, energy of an upper Zeeman component of the shallow positron-atom bound state may come above the ionization threshold and cross with the level of free positron resulting in the positron capture (the same mechanism may be used to capture electron to a negative ion state). This possibility deserves a separate publication, and we do not proceed any further in the present paper.
These possibilities to create the positron-atom bound states motivate us to survey the whole periodic table for positron binding and tabulate the results for experimentalists.
In present paper we extend the study started in our previous paper [20] to all atoms in the periodic table up to uranium. Almost all previous calculations considered positron interacting with either a closed-subshell atom or an atom with a single electron above a closed-subshell core. The only exceptions are our recent works [20, 31] . The reason for this is simple, there is no adequate theoretical method to perform accurate calculations for positron binding to open-shell atoms. In our previous paper [20] we suggested to use the linearized coupledcluster single-double (SD) approach for this purpose. In this approach the interparticle interaction is included to all orders via an iterative procedure. The corresponding subset of terms includes the so-called ladder diagrams. This class of diagrams is very important in the positronatom problem since it describes the effect of a virtual Ps formation. Summation of the electron-positron ladderdiagram series was performed earlier by solving a linear matrix equation for the electron-positron vertex function for hydrogen [33] , noble-gas atoms [34] , and halogen negative ions [35] .
The linearized coupled-cluster method in its singledouble approximation has been applied for a number of very accurate calculations for atoms and ions with one external electron above closed shells (see, e.g., [36] [37] [38] [39] [40] ). Hence it is expected that the modified SD equations for the case of a positron interacting with a closed-shell atom should also give a reliable and accurate result.
A very brief summary of the SD equations for positronatom interaction is provided in Section II. The details of the theory are given in our previous paper [20] . Comparison of our results for closed shell atoms with the available most accurate calculations is described in Sec. III A. This provides us with an estimate of our accuracy. How the method is applied to the open-shell atoms is explained in Sec. III B where we also present positron binding energies to the ground state configuration of every atom in the periodic table. Determination of the energies of the resonances and excited bound states is explained in Sec. III C. The calculations for the positron binding to the excited electronic configurations of atoms are also presented in the same section. The paper ends with section IV where all our results are summarized.
The recommended values of the positron binding energies are presented in Table V. The recommended values   of the excited bound states and resonances are presented  in Tables VI, VII and X. II. THEORY Many-body atomic calculations for the positron-atom binding need construction of the single-particle basis sets separately for electron states and positron states. We use relativistic Hartree-Fock (RHF) method and the B-spline technique [41] to do this. The self-consistent RHF procedure is initially done for the atom without a positron. Then full sets of single-electron and positron states are constructed using B-splines in a cavity of a reasonably large radius R. The radius must be larger than the size of the atom and should be chosen in such a way that the total positron-atom system fits into the cavity. We use R = 30 a.u. The effect of the finite cavity size on the positron-atom binding energy was studied and found to be negligible.
The single-particle basis states are found by constructing them as linear combination of B-splines and diagonalizing the matrix of the RHF Hamiltonian
Here, α, β are the Dirac matrices, V d and V exch are the direct and exchange RHF potentials respectively. The pair (γ, ζ) is taken (1, 1) for electron and (−1, 0) for positron. The wave function of an atom with a positron in state v can be written in the single-double (SD) approximation as an expansion
where |Φ v is the zeroth-order wave function of the frozen-core atom in the relativistic Hartree-Fock approximation with the positron in state v. It can be written as
where |0 C is the RHF wave function of the atomic core. Note that the following notations have been used to label the basis state in the rest of the paper: indices a, b, c refer to electron states in the core, indices m, n, k, l refer to electron states above the core, indices v, r, w refer to positron states, and indices i, j refer to any states. The expansion coefficients ρ na and ρ mnab in Eq. (3) represent single-and double-electron excitations from the core. The coefficients p rv represent excitations of the positron, and the coefficients p rnwa represent simultaneous excitations of the positron and one of the electrons. The SD equations for the core excitation coefficients (ρ na and ρ mnab ) do not depend on the external particle and they are the same in the electron and positron cases. These are well known equations from the linearized coupledcluster theory, the details of the theory can be found, for instance, in Ref. [36] . The first step is to solve these equations iteratively to obtain the single-electron coefficients ρ ma and the double-electron coefficients ρ mnab for the core and to fix them in the rest of the calculation. The convergence of the core equations is maintained by observing the correlation correction to the energy of the core. One can refer to our previous paper [20] for the explicit form of the core equations. After solving the SD equations for the core, one can start iterating the SD equations for the external particle. The SD equations for the positron can be obtained by substituting the state |Ψ v from Eq. (3) into the relativistic many-body Schrödinger equation, 
(7)
In these equationsg mnkl ≡ g mnkl − g mnlk andρ mnkl ≡ ρ mnkl − ρ mnlk . The coefficients g mnkl and q wnva are the Coulomb integrals for the electron-electron interaction and electron-positron interaction respectively. When solving these equations, the correction to the energy of the positron state v,
is used to control the convergence. In contrast to the electrons-only case the calculations do not stop here. When the SD equations are used to calculate the energy and the wave function of the atom with single-valence electron above closed shells the RHF approximation is already a good approximation for the valence electron and only small correction is needed. The correction is given by expressions similar to (6, 7, 8) (see, e.g. [36] ). In the positron case there is no good zeroth-order approximation for the wave function of the bound positron. In the RHF approximation the positronatom interaction is repulsive, and all of the single-particle positron basis states lie in the continuum. Since we cannot use a single positron RHF state as initial approximation we have to use all of them as a basis. The wave function of the positron bound to an atom is presented as a linear combination of the positron RHF states
The energy 0 and the expansion coefficients c v are found by solving the eigenvalue problem
where X is the vector of expansion coefficients c v , 0 is the lowest eigenvalue (which must be negative), and the elements of the effective Hamiltonian matrixΣ are given by
The first term on the right-hand side of Eq. (11) represents the positron energies in the static RHF approximation. The second and third terms describe the effect of the electron-positron correlations. The SD equations (6) and (7) must be iterated for every state in the expansion (9) . Since these equations depend on the energy 0 which is found later from Eq. (10), we start with an initial guess for 0 . The calculations are then performed iteratively, solving the SD equations (6) and (7) and diagonalizing the matrix (11) several times until 0 has converged. The virtual Ps formation is described by electronpositron ladder diagram series. They are included in SD equation in all orders. However, some third order diagrams are missed by SD method. It is well known that the missing third-order terms can give sizeable corrections to the energy in atomic systems (see, e.g., Ref. [38] ). Including these terms can lead to significant improvements in the accuracy of the results (see the section III). Consequently, we include these contributions for the positron-bound states with atoms in this work. The list of the missing third-order diagrams in SD equations and the corresponding perturbation-theory corrections to the energy of the positron state are derived and listed in Ref. [20] .
III. RESULTS AND DISCUSSION
In our previous paper [20] , we have reported the calculations of positron binding to 26 neutral atoms by using the current method. The rest of atoms in the periodic table is examined in this paper up to atomic number Z = 92 (uranium). All raw data are presented in Tables I to IV. Although there is no rigorous criterion for the positron binding to a neutral atom, it is widely accepted that the static dipole polarizability α and ionization potential I of the atom play an important role. Indeed, positron feels strong attractive polarization potential −α/2r 4 outside the atom. Therefore, large value of α and small radius of the atomic core increase the binding. Small radius of the atomic core corresponds to a large ionization potential I. Moreover, I and α may be combined as a single parameter which we have called the strength of the polarization potential [4] . It is a simple dimensionless parameter
The ionization potentials I from Ref. [43] and the static dipole polarizabilities α from Ref. [44] are shown in Tables I−IV for every atom in their ground state. In Tables  I−IV we also present the values of the strength parameter S.
It seems natural to classify all atoms up to Z = 92 according to their ground state configurations, since they have similar positron binding for similar valence configurations. The arrangements of the first four tables are as follows. Firstly, the atoms with similar valence shells are grouped and placed in the same table in increasing order of atomic number Z. A group with similar ground configurations is divided into two sub-groups according to condition I ≶ 6.80 eV. For atoms with I > 6.80 eV, the Ps-formation channel is closed. The closest decay channel will be e + +A. On the other hand, for I < 6.80 eV the lowest channel is Ps+A + . In this work, the positron binding energies have always been obtained with respect to the decay channel e + +A while in many papers the binding energies have been reported relative to the closest decay channel. The numbers are related by
where ε b is the positron binding energy relative to the channel e + +A, ε P s is the positron binding energy relative to the channel Ps+A + , I is atomic ionization potential, and 6.80 eV is the binding energy of positronium.
The best calculations in the literature are presented in last columns of Tables I and IV. There are eleven atoms studied accurately to predict the positron binding energies.
A. Closed-shell atoms
The results for positron bound with closed-subshell atoms are shown in Table I . We use these atoms to test our method because these are the easiest systems from the computational point of view and a number of accurate calculations is available. The positron binding energies of 356 meV, 514 meV, 178 meV, and 103 meV for Sr, Ca, Cd, and Zn atoms relative to the lowest thresholds (A + +Ps for Sr and Ca and e + +A for Cd and Zn) have been obtained by the CI ∞ FC 3 method in Refs. [8] , [9] , and [12] by Mitroy and co-workers. Here FC 3 means fixed core with 3 particles treated explicitly, CI is the configuration interaction, ∞ indicates an extrapolation to l max → ∞ in the basis expansion. All binding energies in the table are presented relative to the positron detachment threshold e + +A. Eq. (13) is used to convert the numbers when needed.
A stochastic variational method (SVM) was used for atoms with a small number of electrons. The positron binding energies of 464 meV and 86 meV were obtained for Mg and Be by the SVMFC 3 and SVM methods in Refs. [8] and [10] . The most accurate value is probably for Be atom because it is the simplest system (four electrons in closed shells plus positron). Our calculations give the binding energy of 214 meV which is 128 meV larger than the 86 meV energy obtained in [10] . A somewhat similar binding energy access is observed when comparing our results with available accurate calculations for other systems, see Table I ( we will use this 128 meV correction to improve our results for a number of atoms where other accurate calculations are not available -see below). Note that the difference between our and the best earlier calculations for heavier atoms ( Mg, Ca, Zn, Sr, and Cd) could be slightly larger due to the relativistic effects which have not been taken into account in the works by Mitroy group. In contrast, our calculations are relativistic.
Our final raw results for the binding energy (ε b ) is the sum of the solution of the eigenvalue equation (10) (SD) and the third order contributions (E3). The negative ε b < 0 means that there is no positron binding to an atom. The positron-atom binding energy is very sensitive to the correlations. This leads to a large uncertainty in the calculations. Therefore, some negative values of ε b might be within theoretical error bars.
As expected, increase of I and decrease of α lead to decrease of the positron-atom binding energy ε b (see Table  I ). The first subgroup has larger ε b than the rest of the table. This is also expected since atoms in this subgroup have larger potential strength S. Tables II, III and IV show the positron binding energies to the ground state configurations of the open-shell atoms, which were suggested in our previous works [20, 31] as good candidates for experimental detection of positron-atom bound states via resonant annihilation or scattering.
B. Open-shell atoms
To deal with the positron binding to open-shell atoms with the SD approach we use an approximation in which open shells are treated as closed ones but with fractional occupation numbers [20] . For example, the ground-state electron configuration of neutral Fe is 3d 6 4s 2 above the Ar-like core. We treat it as a closed-shell system but reduce the contribution of the 3d subshell to the potential and CI matrix elements (11) by the factor 6/10. Both members of the fine-structure multiplet, 3d 3/2 and 3d 5/2 , are included and corresponding terms are rescaled by the same factor (see Ref. [20] for more details). Note that the positron-atom binding has no strong sensitivity to the valence shell being open or closed because the Pauli principle is not applicable to the positron-electron interaction. Table II shows Table  III Table III have no bound states with positron. These results are also consistent with the magnitude of the strength parameter S which is S 2.5 in Table II and S 2.0 in Table III .
Atoms in Table IV are different from the rest of the periodic table. First of all, they have very simple electronic configurations, one s electron above closed subshells, so they are the second simplest systems from the computational point of view after the closed shell atoms in Table I . Two particles (an electron plus a positron) above closed shells can be treated using a sophisticated atomic many-body theory. Some best calculations are presented in the last column of the table. On the other hand, the Ps formation channel is open for alkali metals (the first set of atoms in Table IV ) since I < 6.80 eV for them. Therefore, these systems are better described as positronium orbiting the positive ion A + [45] (a molecular type of bonding). Such systems are hard to describe in our present approach where a single-center basis with the origin on the atomic nucleus is used. To achieve a convergence, a very large number of partial waves l max must be included to describe the total wave function. The fact that we could not get any convergent values for the positron binding energies to Rb, Fr,and Cs supports this argument. Comparison of our result for Li with the accurate variational calculation of Mitroy [18] shows that our method underestimates the positron binding energies for alkali atoms. However, we obtained good agreements with the previous accurate calculations for Cu, Ag, and Au ( see Table IV ). Therefore, accurate description for alkali atoms requires higher values of the maximum angular momentum l max . The value l max = 10 has been fixed in our computation for all atoms. Hence it is reasonable to estimate the extrapolated positron binding energies for alkalis in the limit of l max → ∞. This is done by using of the asymptotic formula
derived in Ref. [46] in the framework of the perturbation theory. Here ε b (l max ) is the binding energy for l max and A is a constant which is different in different atoms. When the convergence is achieved for a given l max , all ε b (l > l max ) must lie on a straight line with respect to 1/(l max + 1/2) 3 . For instance, the figure 1 shows that the positron binding energy for Li has not been convergent yet at l max = 10. However, we can estimate the extrapolated positron energy by assuming the straight line obtained from the last two points (for l max = 9 and l max = 10). We see that our extrapolated binding energies for Li and Na are still smaller than the previous accurate calculations shown in Table IV . Now we will try to improve our predictions of the positron binding energies for all atoms based on comparison of our calculations and available accurate calculations for Be, Li, and Cu. Be is the simplest closed-shell atom that can bind positron (see Table I ), Li is the simplest alkaline atom that can bind positron, and Cu has one electron above closed shell core (see Table IV ). Each of them belongs to a different type of group in the periodic table. We assume that atoms in the same group or in nearby similar group interact with positron in the same way. The previous presumably accurate calculations of the positron binding to these three atoms (Be, Li, Cu) can be used to estimate the errors in the present calculations. Our method overestimates the binding energy for Be [10] , underestimates it for Li [18] , and is in good agreement with previous calculation for Cu [7] . Using these differences between our results and the most accurate results of other calculations, we derive recommended values for the positron-atom binding energies for the whole periodic table in Table V Tables I, II , and III. This is done to eliminate the difference between our value of 214 meV and the accurate result 86 meV [10] for Be atom. The recommended positron binding energy to Mg has been taken from Ref. [8] . We use our previous accurate results for Cu, Ag, and Au obtained by the relativistic CI+MBPT method [7, 13] as recommended values for these systems (170 eV, 123 eV, −87 eV respectively). The previous result for Cu is very close to the current calculation (166 eV) anyway.
The binding energies for Rb, Cs, and Fr are estimated by the linear extrapolation of the values for Li, Na, and K with respect to the ion (A + ) radius which is inversely proportional to the ion ionization potential (r + ∼ 1/I + ). In this estimation we have used the literature results for Li and Na and the corrected result 2400 meV for K atom ( our raw number is 2072 meV is assumed to be underestimated similar to Li and Na). Note that all positron binding energies for Li, Na, and K lies on a straight line with respect to 1/I + . Using values of 1/I + for the Rb + , Cs + , and Fr + ions we obtain the extrapolated positron binding energies for them by putting them on the same line (a linear extrapolation). We conclude that positron systems with K, Rb, Cs, and Fr atoms are unstable due to decay to positronium and positive ion (see Table V) .
We also present in Table V the positron-atom binding energies relative to the Ps-formation threshold, A + +Ps. The closest decay channel is emphasized by the bold number in the Table V . We also present the results of the Table V in the graphical form on Fig. 2 .
Therefore, more than a half of atoms in the periodic table may bind positron.
C. Excited states
In our calculations we do not distinguish between different electron states of the same configuration. If positron is bound to an atom in particular configuration, it is bound to all states of this configuration with approximately the same binding energy. Therefore, the energy splitting inside the ground state configuration is assumed to be the same for atoms with or without a positron. This assumption is supported by similar features of atomic scalar polarizabilities. The scalar polarizabilities have very close values for the different states of the same ground-state configuration of many-electron atoms [42] . The values of the scalar polarizabilities determine the strength of the attractive polarization potential −α/2r 4 acting on positron. Therefore, it is natural to expect that if the polarizabilities are equal the positron binding energies will also be equal.
Since the energy splitting within a configuration is assumed to be the same for the atom with or without a positron, the energies of the excited states of the positron-atom system can be obtained as
where E ex is the experimental value of the atomic excitation energy relative to the ground state and ε b is the positron binding energy to the ground state. These excited states are also bound as long as ε < 0. Positive values of ε correspond to resonances in continuum. To close the positronium formation channel we also need the condition
where I is the atomic ionization potential and 6.80 eV is the binding energy of the Ps ground state. Using condition for the excitation energy E ex < ε b + I − 6.80 eV (stability against the positron emission) and the recommended positron binding energies ε b from Table V we found the resonance and bound state energies for 26 atoms. Table VI shows resonances and bound states for the atoms with ionization potential larger than 6.8 eV while Table VII is for atoms with I < 6.8 eV. Due to the limited accuracy of our calculations (∼ 100 meV) the weakly bound positron states shown in Table VI Table IX .
The energies of the positron resonances (ε > 0) and excited bound states (ε < 0) can be determined from the recommended positron binding energy ε * b for a particular configuration and excitation energies E ex of the electronic states. Here E ex should also satisfy the condition that E ex < ε * b + I − 6.80 eV (to stay below Ps formation threshold). The recommended energies of the positron bound states and resonances for excited configurations are presented in Table X . The results of the present work confirm the claim of Ref. [31] that many open-shell atoms do bind the positron not only in the ground state but also in excited states.
IV. CONCLUSION
The linearized coupled cluster single-double approach with the third-order correction is used to calculate the positron binding energy for every atom in the periodic table. The fractional occupation number approximation is used to perform the calculations for open shell atoms. To obtain the recommended values of the positron binding energies we introduce corrections which bring our results in line with the best available calculations which exist for 11 atoms only. We find that 49 atoms can bind positron in the ground state. The recommended values of the binding energies are presented in Table V. A number of atoms also have excited positron bound states and low energy positron resonances which may be used to measure the positron binding energy in the processes of the positron annihilation and scattering. The recommended values of these excited bound states and resonances are presented in Tables VI, VII and X. An order-of-magnitude estimate of the accuracy of our predictions is ∼ 100 meV. Due to the limited accuracy some of the calculated weakly bound states may be actually unbound and vice versa.
Finally, there are two problems for a future study. If the initial atomic angular momentum J A is not zero the positron bound states form the doublets with the total angular momenta J = J A + 1/2 and J = J A − 1/2. The energy splitting is ∼ 1 meV.
If J A > 1/2 the atom has an electric quadrupole mo-ment Q and produces a long-range potential
which decays slower than the polarization potential −e 2 α/r 4 . The quadrupole moment is large in atoms with several electrons in an open shell. The quadrupole potential may produce new features in the positron bound states such as localization of the positron wave function in the equatorial or polar areas depending on the sign of eQ. Similar effect may exist for electron in a negative ion.
TABLE I: Positron-atom binding energies relative to the channel e + +A (ε b in meV) for closed-shell atoms obtained using the SD equations (SD) with the third-order correction (E3). I is the ionization energy from the ground state, α is the polarizability. The combination S = mαI 2 /2 2 is a dimensionless parameter called the potential strength. The best calculations in the literature are presented in the last column. The negative ε b means positron is not bound. Atoms with similar shells in their ground configurations are placed in the same group in increasing order of their atomic numbers Z. The first group is divided into two sub-groups according to I ≶ 6.8 eV. a Ground-state atomic static dipole polarizabilities from Ref. [44] b The positron binding energies of 356 meV and 514 meV for atoms Sr and Ca respectively relative to the lowest threshold A + +Ps have been obtained by the CI∞FC 3 method in Ref. [8] . Here FC 3 means fixed core with 3 particles treated explicitly, CI is the configuration interaction, ∞ indicates an extrapolation to lmax → ∞ in the basis expansion. In the table, the binding energies relative to the threshold e + +A are presented to compare with the present calculations.
c Calculation by the SVMFC 3 method from Ref. [8] , where SVM means the stochastic variational method.
d Calculation by the CI∞FC 3 method from Ref. [9] e Calculation by the SVM method from Ref. [10] f Calculation by the CI∞FC 3 method from Ref. [12] TABLE II: Positron-atom binding energies relative to the channel e + +A (ε b in meV) for open shell atoms obtained using the SD equations (SD) with third-order correction (E3). I is the ionization energy from the ground state. The combination S = mαI 2 /2 2 is called the potential strength. The negative ε b means positron is not bound. Atoms with similar shells in their ground configurations are placed in the same group in increasing order of their atomic numbers Z. The group with similar ground configurations is divided into two sub-groups according to I ≶ 6.8 eV. in meV) for open p shell obtained using the SD equations (SD) with the third-order correction (E3). I is the ionization energy from the ground state. The combination S = mαI 2 /2 2 is the potential strength. The negative ε b means positron is not bound. Atoms with similar shells in their ground configurations are placed in the same group in increasing order of their atomic numbers Z. The group with similar ground configurations is divided into two sub-groups according to I ≶ 6.8 eV. Fig. 1 for the extrapolation for Li).
c The positron binding energies of 13 meV for Na relative to the lowest threshold Na + +Ps is obtained by the SVMFC 2 method in Ref. [17] . Here SVM means the stochastic variational method and FC 2 means fixed core with 2 particles treated explicitly. In the table the binding energy relative to the threshold e + +Na is shown to compare with the present calculation.
d The positron binding energies of 68 meV for Li relative to the lowest threshold Li + +Ps is obtained by the SVM method in Ref. [18] . In the table the binding energy relative to the threshold e + +Li is shown to compare with the present calculation.
e Calculation by the CI+MBPT method, which is the relativistic configuration interaction plus many-body perturbation theory, from Ref. [13] f Calculation by the SVMFC 2 method from Ref. [14, 16] g Calculation by the CI+MBPT method from Ref. [7] h Calculation by the SVMFC 2 method from Ref. [15, 16] c The result of our earlier calculation by the CI+MBPT method (the relativistic configuration interaction plus many-body perturbation theory) from Ref. [7] as a recommended positron binding energy for Cu atom.
d The results of our earlier calculations by the CI+MBPT method from Ref. [13] as a recommended positron binding energy for Ag and Au atoms. shows the previous result of the relativistic method MBPT+CI for Cu, Ag, and Au in our group. The binding energies of Rb, Cs, and Fr are obtained by linear extrapolation of the values of Li, Na, and K with respect to the ion(A + ) radius, which are marked by square a Atomic excitation energy relative to the ground state from Ref. [43] .
b The recent calculation of a resonant level from Ref. [11] .
